Self-consistent periodic slab calculations based on gradient-corrected density-functional theory ͑DFT-GGA͒ were conducted to probe the potential-energy diagram for the hydrogenation of propanal and acetone on Pt͑111͒. Calculations for molecularly adsorbed species indicate that acetone and propanal are both weakly bound to the surface through oxygen ͑i.e., energy changes of adsorption near Ϫ20 kJ/mol͒. The activation energy barriers are calculated to be ϳ60 and 40 kJ/mol for the addition of an adsorbed hydrogen atom to adsorbed acetone and propanal, leading to adsorbed isopropoxy and n-propoxy species, respectively. The subsequent hydrogenation steps to form adsorbed alcohol species have activation barriers near 15 kJ/mol. These results would suggest that the rate of propanal hydrogenation over Pt should be faster compared to acetone hydrogenation, in contrast to the behavior observed experimentally ͓G.M.R. van Druten and V. Ponec, Applied Catalysis A: General 191, 153 ͑2000͔͒. The origin for the experimentally observed slower rate of propanal hydrogenation over Pt appears to be related to the formation of strongly adsorbed spectator species formed by removal of the ␣-H atom from adsorbed propanal. The calculated energy change for cleavage of this C-H bond, leading to adsorbed propionyl and adsorbed hydrogen atom, is exothermic by 76 kJ/mol.
INTRODUCTION
Reactions of oxygenated hydrocarbons on transition metal surfaces are important in many areas of heterogeneous catalysis, including ͑i͒ selective oxidations of hydrocarbons to oxygenated chemicals, ͑ii͒ reductions of carboxylic acid groups, and ͑iii͒ selective hydrogenations of ␣,␤-unsaturated carbonyls to produce unsaturated alcohols.
1 With respect to the latter of these applications, the selectivity for the formation of the unsaturated alcohol compared to the saturated aldehyde or ketone is controlled by the relative rates of reduction of the CvO group compared to reduction of the CvC bond. For example, monometallic platinum catalysts generally favor hydrogenation of the CvC double bond to yield saturated carbonyl species, whereas addition of a second metal ͑such as Fe, Ni, and Sn͒ to Pt catalysts generally improves the selectivity for the formation of the unsaturated alcohol.
2-7 To our knowledge, density-function theory ͑DFT͒ calculations have not been carried out to probe the factors controlling the rate of hydrogenation of carbonyl functional groups in hydrocarbons. Accordingly, the present paper deals with the application of DFT calculations to study the hydrogenation over Pt͑111͒ of the carbonyl group in aldehydes and ketones, using propanal and acetone as probe molecules.
Results from recent reaction kinetics studies of the hydrogenation of the carbonyl group in propanal and acetone on silica supported Pt at 373 and 423 K indicate that the rate of propanal hydrogenation is significantly slower than the hydrogenation of acetone. 8 In a subsequent paper, 9 the investigators propose a mechanism in which hydrogenation of the carbonyl group begins with formation of a C-H bond, yielding an alkoxy intermediate followed by addition of a second H atom to the alkoxy intermediate to form an adsorbed alcohol. Experimental studies of the rates of hydrogenation of hydrocarbons containing carbonyl groups over alumina supported Pt at ϳ400 K have also shown that the rate of propanal hydrogenation is slower than the rate of acetone hydrogenation. 10 These authors suggest that hydrogenation proceeds through a mechanism involving a hydroxyalkyl species, i.e., addition of the first hydrogen occurs at the O atom. The DFT calculations of the present study were conducted with the aim of addressing the higher rate of hydrogenation of acetone compared to propanal over Pt.
Various experimental studies under ultrahigh vacuum conditions have been conducted to study the adsorption of hydrocarbons containing carbonyl groups on various Pt surfaces. For example, electron energy loss spectroscopy, temperature programmed desorption, and Auger electron spectroscopy have been used to study acetone adsorption, desorption, and decomposition on a Pt foil. 11 At temperatures below 200 K, acetone adsorbs in the perpendicular mode. At higher temperatures, acetone adsorbs in the parallel mode and decomposition competes with desorption. The appearance of the parallel adsorption mode was attributed to adsorption of acetone on defect sites.
Temperature-programmed desorption ͑TPD͒ and mass spectroscopy was used to study the adsorption of methanol and ethanol on Pt͑111͒. 12 Estimated energy changes for desorption of molecularly adsorbed methanol and ethanol were ϳ50 kJ/mol. For comparison, the energy change for methanol adsorption on Pt͑111͒ has recently been calculated to be Ϫ32 kJ/mol, using periodic self-consistent DFT calcula-tions. 13 Gibson et al. have shown that molecular desorption of methanol competes with surface decomposition reactions on defect sites at temperatures above 145 K. 14 Ihm et al. have recently reported the formation of oxametallacycles from the dehydrogenation of alkoxy species on Pt͑111͒. 15 These investigators suggested that oxametallacycle species might lose hydrogen atoms and decompose irreversibly at temperatures higher than 300 K, forming CO, H, and C. Oxametallacycle species have been recently identified as common surface reaction intermediates in oxygenate surface reactions on transition metal surfaces.
1,16,17 Therefore, we have addressed in the present paper the possibility of forming oxametallacycle species during the hydrogenation of propanal and acetone on Pt͑111͒.
FIG. 1. ͑a͒-͑i͒. Side and top views of adsorption modes of propanal hydrogenation and dehydrogenation intermediates on Pt͑111͒ ͑only top layer is shown͒. The corresponding surface species for acetone hydrogenation are obtained by replacing the ethyl group and the ␣-H atom with methyl groups ͓͑a͒-͑f͒ only͔. Large white circleϭPt atom; medium gray circleϭC atom; medium checkered circleϭO atom; and small white circleϭH atom. ͑a͒ carbonyl molecular adsorption ( 1 1 ); ͑b͒ carbonyl molecular adsorption ( 2 2 ); ͑c͒ carbonyl-alkoxy transition state (TS 1 ); ͑d͒ alkoxy ( 1 1 ); ͑e͒ alkoxy-alcohol transition state (TS 2 ); ͑f͒ alcohol ( 1 1 ); ͑g͒ propionyl ( 1 1 ); ͑h͒ oxametallacycle, OCH 2 CHCH 3 ( 2 2 ); ͑i͒ oxametallacycle, OCH 2 CH 2 CH 2 ( 2 2 ).
As noted above, results of DFT calculations have not been reported for the hydrogenation of carbonyl compounds. However, extended Hückel calculations using large Pt clusters have been conducted to probe the adsorption on Pt͑111͒ facets of hydrocarbon species containing carbonyl groups. 18, 19 The calculated energy changes of adsorption for formaldehyde, acetaldehyde, and acetone were near Ϫ40 kJ/ mol for the perpendicular ( 1 1 ) adsorption modes of these molecules. In contrast, the energy changes for the parallel ( 2 2 ) modes of adsorption for formaldehyde, acetaldehyde, and acetone were calculated to be Ϫ96, Ϫ60, and Ϫ21 kJ/mol, respectively. Accordingly, acetone was the only molecule that favored the perpendicular mode of adsorption. We will use DFT calculations in the present study to address this trend in the relative binding energies on Pt͑111͒ of formaldehyde, acetaldehyde, propanal, and acetone.
METHODS
Self-consistent periodic slab calculations based on gradient-corrected density functional theory ͑DFT-GGA͒ were conducted for two-layer Pt͑111͒ slabs. The ͑3ϫ3ϫ2͒ unit cell, containing a total of 18 metal atoms, was repeated periodically, with four equivalent layers of vacuum between any two successive metal slabs. The total energy calculations were performed using DACAPO. 20 Ionic cores are described by ultrasoft pseudopotentials 21 and the Kohn-Sham oneelectron valence states are expanded in a basis of plane waves with kinetic energies below 25 Ry. The surface Brillouin zone is sampled at six special k-points. Convergence with respect to the number of metal layers included in the slab and k-points has been confirmed using 18 special k-points. The calculated energy change for alcohol adsorption on three-layer slabs differed by less than 10 kJ/mol compared to two-layer slabs. The exchange-correlation energy and potential are described by the Perdew-Wang 1991 ͑PW91͒ generalized gradient approximation ͑PW91͒.
22,23
The self-consistent density is determined by iterative diagonalization of the Kohn-Sham Hamiltonian, Fermipopulation of the Kohn-Sham states (k B Tϭ0.1 eV) and Pulay mixing of the resulting electronic density. 24 All of the reported binding energies are calculated using the PW91 functional and these energies have been extrapolated to k B Tϭ0 eV.
Adsorption occurs on one side of the slab. The metal atoms were fixed in their bulk-terminated positions and all adsorbate atoms were allowed to relax. The lattice constant used in the calculations was 4.00 Å, 25 compared to the experimental bulk lattice constant of 3.93 Å. 26 Gas-phase calculations are carried out on a 15.0 Å unit cell. Transition states are estimated using constrained optimizations, where the bond length representing the reaction coordinate is constrained and all other degrees of freedom are optimized. The transition state of the hydrogenation reactions is characterized by the configuration with the highest energy along the reaction coordinate and a transition from repulsive to attractive forces along the constrained bond. 25, 27, 28 This procedure for determining the transition state of relatively large adsorbates has proven to yield energy barriers of reasonable accuracy, compared to more rigorous methods, such as the nudged elastic band ͑NEB͒ method.
13,29-31

RESULTS
The results of the DFT calculations in the present work will be compared to experimental reaction kinetics results reported by van Druten et al. for the hydrogenation of propanal and acetone over Pt. 8, 9 Since these authors suggested that these hydrogenation reactions take place through adsorbed alkoxy species, we have investigated this pathway in the present work.
Adsorption geometries of various surface species on the Pt͑111͒ ͑ϭ1/9 ML͒ as determined by our calculations are 19 As discussed later, the results from both studies show that the energy change for adsorption in the parallel mode shows a larger variation with carbonyl substituents than does the perpendicular mode of adsorption. Figure 2 shows the potential energy diagram for the hydrogenation of propanal and acetone on the Pt͑111͒ slabs. The reference energy for each pathway consists of a clean surface, gas-phase dihydrogen and the corresponding gasphase carbonyl compound. Initially, dihydrogen is adsorbed on the surface ͑shown by the arrow͒. The energy change for dissociative adsorption of dihydrogen is Ϫ84 kJ/mol. The first minimum consists of the adsorbed 1 carbonyl species and adsorbed hydrogen atoms at an infinite separation from each other. Adsorption and desorption steps are assumed to be nonactivated.
The first transition state TS 1 involves hydrogenation of the adsorbed carbonyl species to form an adsorbed alkoxy species. Activation energies for the formation of alkoxy surface intermediates from the molecularly adsorbed carbonyl species and adsorbed hydrogen were 40 and 61 kJ/mol for propanal and acetone, respectively. The transition state is shown in Fig. 1͑c͒ , and bond lengths are listed in Tables I  and II . The C-H bond distance at the transition state is 1.40 Å for both propanal and acetone. Figure 3 shows a plot of energy versus the constrained C-H bond length that defines the reaction coordinate for the first propanal hydrogenation step. The transition state is characterized by the highest energy and the transition from repulsive to attractive forces projected along the C-H bond.
The geometry of the adsorbed n-propoxy species on Pt͑111͒ is shown in Fig. 1͑d͒ . This configuration corresponds to a 1 1 configuration. Tables I and II list bond lengths for atop modes of adsorption for n-propoxy and isopropoxy species. The CvO double bond appears to have been partially converted to a single bond, since the bond lengths ͑1.35 and 1.36 Å͒ in the adsorbed alkoxy species lie between typical CvO lengths in carbonyl groups ͑ϳ1.23 Å͒ and C-O single bond lengths in gas phase alcohols ͑ϳ1.44 Å͒.
The next step in the hydrogenation reaction sequence is the addition of an adsorbed hydrogen atom to the oxygen atom of the alkoxy species. The transition state TS 2 for addition of a hydrogen atom to an adsorbed n-propoxy species 
a F. Delbecq and P. Sautet, Surf. Sci. 295, 353 ͑1993͒.
is shown in Fig. 1͑e͒ , and bond lengths are listed in Tables I  and II for n-propoxy and isopropoxy species, respectively. The activation energies for the formation of adsorbed alcohols from adsorbed alkoxy species and adsorbed hydrogen were about the same for n-propoxy and isopropoxy species, ϳ15 kJ/mol. The O-H distance in the transition state is 1.73 and 1.68 Å for n-propoxy and isopropoxy, respectively. Tables I and II , the O-Pt distance is 2.41 and 2.52 Å for propanol and isopropanol, respectively. The perpendicular distances between oxygen and the surface are 2.44 and 2.30 Å for propanol and isopropanol, respectively. For comparison, the perpendicular distance between oxygen and the surface for methanol adsorption has been calculated to be 2.41 Å. 13 The energy changes for adsorption of methanol, n-propanol and isopropanol are calculated to be Ϫ32, 13 Ϫ25 and Ϫ18 kJ/mol, respectively. It can be seen in Fig. 2 that the energy changes for desorption of these alcohols are lower than the activation energy barriers for dehydrogenation of these alcohols to give adsorbed alkoxy species. These results are in agreement with experimental observations that alcohol desorption is favored over dehydrogenation-decomposition on Pt͑111͒. 32 We note that DFT calculations have recently been conducted for a hydrogenation pathway to form alcohols ͑methanol͒ from carbonyls ͑formaldehyde͒ via an alternative intermediate ͑hydroxymethyl͒. 13 Hydrogen addition to the O atom in adsorbed formaldehyde forms hydroxymethyl and further hydrogenation yields methanol. Formation of methoxy species from adsorbed formaldehyde and surface H is endothermic ͑31 kJ/mol͒, while formation of hydroxymethyl from adsorbed formaldehyde and surface H is exothermic ͑44 kJ/mol͒. The activation energies for formation of adsorbed methoxy and hydroxymethyl species from adsorbed formaldehyde and surface H are 59 and 66 kJ/mol, respectively. Consequently, it appears that kinetic pathways for hydrogenation of formaldehyde to form methoxy and hydroxymethyl species are competitive. However, van Druten et al. suggest carbonyl hydrogenation proceeds via the alkoxy species. 9 A possible difference in the reactivities of adsorbed propanal and acetone species on Pt͑111͒ is that the carbon atom of the carbonyl group in propanal is attached to a hydrogen atom, whereas this carbon atom in acetone is attached to two methyl groups. Generally, activation barriers for cleavage of C-H bonds are lower than activation barriers for cleavage of C-C bonds on Pt. 33, 34 Electron energy loss vibrational spectroscopy ͑EELS͒ studies of acetaldehyde adsorption on Pt(S) -͓6(111)X(100)͔ show formation of acetyl surface species at 137 K while C-C bond cleavage reactions occur at higher temperatures. 35 Similarly, adsorbed propanal can lose a hydrogen atom bonded to the carbonyl, leading to adsorbed propionyl species and adsorbed H atom. This adsorbed propionyl species is shown in Fig. 1͑g͒ . It can be seen in Table  III and Fig. 2 that the dehydrogenation of molecularly adsorbed propanal to form an adsorbed propionyl species and a surface hydrogen atom with infinite separation between each other is very favorable, i.e., the reaction is exothermic by 78 kJ/mol. The C-O bond length in the adsorbed propionyl species is characteristic of a CvO double bond, as seen in Table I .
The stabilities of oxametallacycle intermediates were also investigated on Pt͑111͒ slabs. The oxametallacycle intermediates considered are isomers of acetone and propanal, i.e., their overall stoichiometry is OC 3 H 6 . These oxametallacycles can form, for example, from the dehydrogenation of adsorbed alkoxy species. While, several different structures and adsorption geometries for these species on Pt͑111͒ were calculated, only the most stable adsorption species are reported. The OCH 2 CHCH 3 oxametallacycle is shown in Fig.  1͑h͒ . This species is bonded to the surface through the O atom and the ␥-C atom on atop sites. Bond lengths for this species are given in Table I . This species is 31 kJ/mol less stable than adsorbed propanal ( 1 1 ). A second oxametallacycle with the structure OCH 2 CH 2 CH 2 was also investigated, and this species bonds to the surface through the O atom and the ␦-C atom. This species is shown in Fig. 1͑i͒ , and the bond lengths are listed in Table I . This species is 56 kJ/mol less stable than adsorbed propanal ( 1 1 ). The equivalent oxametallacycle species formed from acetone has the stoichiometry OCHCH 3 CH 2 , and is bonded to the surface through the O atom and ␥-C atom on atop sites. The bond lengths are tabulated in Table II . This species is 54 kJ/mol less stable than the adsorbed acetone ( 1 1 ).
DISCUSSION
The DFT calculations of the present study for molecular adsorption of propanal on Pt͑111͒ show that the 1 1 mode of adsorption ͑nearly perpendicular to the surface͒ and the 2 2 mode of adsorption ͑parallel to the surface͒ have similar energetics, differing by less than 15 kJ/mol. In contrast, acetone only adsorbs in the 1 1 mode and the energy of adsorption is similar to propanal 1 1 adsorption. Although the exact values for the energy changes of adsorption determined from DFT calculations do not agree with values from extended Hückel calculations, 19 both sets of calculations show similar trends. In particular, the energy change for the perpendicular mode of adsorption is nearly independent of the substituents attached to the carbonyl group. In contrast, the energy change for the parallel mode of adsorption depends on the environment of the carbonyl group ͑formaldehydeϾaldehyde͒. Formaldehyde was the only molecule that favored the parallel mode of adsorption in DFT slab calculations.
The calculated activation energy for hydrogenation of acetone to form isopropoxy species was ϳ20 kJ/mol higher than the corresponding value for hydrogenation of propanal ͑see Fig. 2͒ . These values would suggest that hydrogenation of acetone should be slower than hydrogenation of propanal. This prediction would be in disagreement with experimental investigations, where the rates of acetone hydrogenation are found to be higher than the rates of propanal hydrogenation over supported Pt catalysts. 8, 10 Although one cannot exclude the effects of structure sensitivity for this reaction, where the hydrogenation rate of the two molecules is reversed on defects-step sites, we examine here the possibility that another factor is responsible for the slower rate of propanal hydrogenation compared to acetone. Based on our calculations, we suggest that the slower rate of propanal hydrogenation is caused by the presence of strongly adsorbed spectator species, such as adsorbed propionyl species, which block sites for hydrogenation reactions.
Van Druten et al. suggested that surface blocking by spectator surface species was more important in the presence of propanal compared to acetone. 8 For example, they reported that propanal suppressed the hydrogenation of acetone when both of these species were passed over the catalyst in the presence of H 2 . Therefore, the lower reactivity of propanal compared to acetone, and the suppression of acetone hydrogenation by the presence of propanal point to the formation of a strongly adsorbed spectator species from propanal. 8 The results from the present DFT slab calculations show that the energy changes are essentially the same for the adsorption of propanal and acetone to form the most stable 1 -adsorbed species. As a result, blocking of surface sites by adsorbed propanal species does not appear to be the origin for the lower reactivity of propanal compared to acetone hydrogenation and the suppression of acetone hydrogenation by the presence of propanal. Furthermore, DFT calculations involving oxametallacycles show that these surface species are less stable than molecularly adsorbed carbonyl species. Consequently, the oxametallacycle species do not inhibit surface reactions.
A significant difference between the chemical structures of propanal and acetone is the presence of an ␣-H in propanal. Furthermore, cleavage of the C-H bond is facile, 36 whereas cleaving the corresponding C-C bond in acetone is expected to be more difficult. In addition, cleaving bonds adjacent to the carbonyl group should occur more easily for bonding modes that bring the carbon atom of the carbonyl group closer to the surface. As shown in Figs. 1͑a͒ and 1͑b͒ , the 2 ͑parallel͒ mode of adsorption for the carbonyl group is closer to the surface. Moreover, acetone does not adsorb in the 2 ͑parallel͒ mode. Based on the above arguments, it appears that adsorbed propanal should be a better candidate for dehydrogenation reactions compared to adsorbed acetone.
The results of the present DFT calculations indicate that the decomposition of adsorbed propanal to form adsorbed propionyl species and adsorbed hydrogen on Pt͑111͒ is a highly exothermic process ͑78 kJ/mol͒, and these propionyl species could block sites and therefore lead to low hydrogenation rates. It is apparent in Fig. 2 that the formation of adsorbed propionyl species and atomic hydrogen is the most stable minimum on the energy diagram for the conversion of propanal. To test whether the coverage by adsorbed propionyl species could be significant under reaction conditions for propanal hydrogenation, we consider the following quasiequilibrated reaction:
where * represents a surface site and propionyl* is the adsorbed propionyl species. According to the DFT calculations of the present study, the energy change for this reaction is Ϫ52 kJ/mol. The standard entropy change ͑at a pressure of 1 atm and a temperature of 400 K͒ for this reaction can be estimated to be Ϫ95 J/͑mol K͒, if the entropy for adsorbed propionyl species is assumed to be equal to the vibrational and rotational entropy contributions of gaseous propanal ͑i.e., equal to the standard entropy of gaseous propanal minus the translational entropy contribution for three degrees of translation͒. The equilibrium constant for this reaction at 400 K is thus estimated to be 60 atm Ϫ0.5 . Therefore, the surface coverage by adsorbed propionyl species may well be significant at typical reaction conditions used for studies of propanal hydrogenation.
The dehydrogenation of adsorbed formaldehyde to form adsorbed formyl species and adsorbed H on Pt͑111͒ is exothermic ͑Ϫ60 kJ/mol͒ and is comparable to the energy change for reaction of adsorbed formaldehyde with surface H to form adsorbed hydroxymethyl ͑Ϫ44 kJ/mol͒. 13 Considering the following quasi-equilibrated reaction, we can estimate the relative surface coverages of hydroxymethyl and formyl species: hydroxymethyl*↔formyl*ϩH 2 ͑ g ͒.
The energy change for this reaction is ϩ27 kJ/mol on Pt͑111͒. 13 The standard entropy change ͑at a pressure of 1 atm and a temperature of 400 K͒ for this reaction can be estimated to be ϩ137 J/͑mol K͒, if the entropy for adsorbed hydroxymethyl and formyl species are assumed to be equal to the vibrational and rotational entropy contributions of gaseous formaldehyde. The equilibrium constant for this reaction at 400 K is thus estimated to be 4000 atm. Consequently, surface coverage of adsorbed formyl species will be several orders of magnitude larger than the coverage by hydroxymethyl species. Propionyl and 1-hydroxypropyl are the C 3 oxygenate equivalents of formyl and hydroxymethyl. By analogy with the C 1 oxygenate results, we suggest that adsorbed propionyl species are most likely spectator species on Pt during propanal hydrogenation.
CONCLUSIONS
Adsorption of propanal on Pt͑111͒ takes place preferentially in the 1 1 ͑perpendicular͒ binding mode compared to the 2 2 ͑parallel͒ binding mode. Acetone only binds in the 1 1 binding mode, and the energy changes for adsorption of these two molecules in the favored 1 1 ͑perpendicular͒ binding mode are similar, i.e., equal to Ϫ20 kJ/mol. The results from the present DFT calculations for the adsorption of formaldehyde, acetaldehyde, propanal, and acetone agree with trends reported in the literature estimated from Hückel calculations. 19 In particular, the energy change for the perpendicular mode of adsorption is nearly independent of the substituents attached to the carbonyl group, whereas, the energy change for the parallel mode of adsorption depends strongly on the substituents on the carbonyl group ͑formaldehydeϾaldehyde͒. Formaldehyde was the only molecule that favored the parallel mode of adsorption in DFT slab calculations.
The activation energy barrier for hydrogenation of adsorbed acetone to form adsorbed isopropoxy species was higher compared to the hydrogenation of adsorbed propanal to form n-propoxy species ͑i.e., 60 compared to 40 kJ/mol͒. The subsequent activation energy barriers for addition of a hydrogen atom to adsorbed alkoxy species to form adsorbed alcohols are approximately equal to 15 kJ/mol. These results would suggest that the rate of propanal hydrogenation over Pt should be faster compared to acetone hydrogenation, in contrast to experimental results in the literature. 8, 9 This apparent discrepancy appears to be associated with the formation of strongly adsorbed spectator species that block surface sites during propanal hydrogenation. Oxametallacycles are less stable than molecularly adsorbed carbonyl species, and therefore, may not act as spectator species. However, dehydrogenation of adsorbed propanal by removal of the ␣-H atom bonded to the carbon atom of the carbonyl group leads to an adsorbed propionyl species plus adsorbed atomic hydrogen, and this reaction is exothermic by 78 kJ/mol. This type of H atom is not present in acetone, and formation of an adsorbed acetyl species in this case would require breaking a C-C bond, which is, in general, much more difficult than C-H bond breaking.
